petroleum refining and corn wet milling-and identified several key features of the refinery approach:
• refineries typically become increasingly diversified over time;
• product slate selection depends on many factors such as market demand, feedstock composition, and available processing equipment and capacity;
• operating flexibility enables refineries to shift outputs over time;
• process improvement invariably makes the cost of raw material the dominant factor in overall refinery economics.
Fuels are the main product of mature petroleum refining processes, and this is likely to be the case for a mature biomass refining industry as well. There are few organic chemicals and polymers with markets large enough to serve as primary products for one full-sized biomass refinery, especially when no single facility can expect to command full market share. With this in mind, we centered our analysis around biomass refineries producing ethanol as a primary product, cogenerated power, and fermentation-derived coproducts. We used two previously published process designs-a near-term technology case and an advanced technology case-to quantify processing costs for ethanol production and power cogeneration. We quantified coproduct recovery costs using economic models developed by co-author Ron Landucci.
In our analysis, we demonstrate that per unit processing capital cost declines with increasing scale and that power cogeneration using the biomass feedstock's lignin fraction significantly lowers processing costs. The fact that process energy can be derived from residual material represents an important advantage that cellulosic ethanol biomass refineries have over corn ethanol mills, in which process energy must be purchased externally. It also points to a key motivating factor behind the biorefinery concept-to maximize the value generated from a heterogeneous feedstock, refineries make use of all component fractions, producing a variety of coproducts in the process.
Another benefit of biomass refineries is that the primary product selling price can be lowered significantly by coproducing higher value, lower volume products such as succinic acid, which we considered in this study. Coproducing small-market products in a biomass refinery also provides economies of scale that reduce the cost of making such products below levels that can be achieved through dedicated production. We note that the market size for most potential highvalue coproducts is not large enough to support full-scale dedicated production. And, if the market were to increase to the extent that it could support dedicated production, the coproduct would cease to be high-value, having become a commodity itself.
Regarding biomass refinery product slate selection, we assert that assembling a diverse product slate is important, both because capturing modest market share of several coproducts can significantly reduce the primary product selling price, and because product diversity helps iv protect the biorefinery from seasonal demand cycles and market downturns. We also suggest that selecting coproducts having the potential to become platform intermediates makes strategic sense for the biomass refining industry-doing so will foster the commoditization of these chemicals by taking advantage of the economies of scale provided by producing small amounts of the coproduct in an ethanol biomass refinery. Thus, early generation ethanol biomass refineries can serve as incubators for chemicals that can then become high-volume products in their own right. Another product slate strategy worth considering is to produce two or more large volume products in addition to smaller-volume, higher margin coproducts. The ability to swing production from one major product to another depending on market conditions-especially if the major products are not closely related-would make the refinery more resilient to demand cycles and downturns.
We conclude by summarizing the advantages of the biorefinery concept as compared to dedicated production of a single product:
Revenues from high-value coproducts reduce the selling price of the primary product.
The economies of scale provided by a full-size biomass refinery lowers the processing costs of low-volume, high-value coproducts.
Less fractional market displacement is required for cost-effective production of high-value coproducts as a result of the economies of scale provided by the primary product.
Biomass refineries maximize value generated from heterogeneous feedstock, making use of component fractions.
Common process elements are involved in producing fermentable carbohydrate, regardless of whether one or more products are produced.
Coproduction can provide process integration benefits (e.g. meeting process energy requirements with electricity and steam cogenerated from process residues).
We also note that achieving the economic advantages of biomass refining-i.e. lower primary product price and lower production costs for low-volume/high margin coproducts-is fostered by coproduction of multiple products in the long term. The realization of potential societal benefits-i.e. establishing a sustainable resource supply, enhancing energy security, and boosting rural economic development-is largely dependent on producing biobased energy due to the vast size of energy markets relative to those for chemicals and materials. (The annual growth in U.S. fossil fuel consumption, for example, is comparable in size to domestic markets for both polymers and primary organic chemicals.) As a result, indirect long-term contribution of biobased chemicals and materials resulting from increasing the economic viability of energy production may well be larger than the direct contribution from fossil fuel displacement per se. Regarding the future development of the biomass refining industry, we note that though multiproduct refineries are the likely long-term end point, commercial installations may well add one new product/process at a time in order to avoid compounding risk, much like petroleum refining v and corn wet milling which began as single-product processes and developed into multi-product industries over time.
Finally, we remark that there are two key technical objectives to achieve for biomass refining to be commercially viable: 1) overcoming the recalcitrance of cellulosic such that the carbohydrate fraction can be easily preserved and converted into reactive intermediates and 2) developing a diverse array of value-added bioproducts from such reactive intermediates. There is currently strong economic incentive for industry to pursue the second objective, and many companies such as Cargill Dow and DuPont are already doing so using corn as a feedstock. Further technical progress in the area of product diversification, however, provides minimal benefit with respect to the first objective, an area for which there is minimal economic incentive at present: today, cellulosic feedstocks offer little if any price advantage. (In the long term, however, as biomass refining technology matures, the transfer cost of soluble sugars derived from cellulosics has the potential to be half that derived from corn.) In light of this limited economic incentive and the profound societal benefits that stand to result from biomass refining, we submit that the first objective represents an appropriate target for government-sponsored R&D, as technical progress in this area will benefit most potential biomass refineries and help to establish the industry.
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Introduction
As we detailed in Report 1: Review of Existing Refinery Examples, petroleum refineries producing multiple classes of products emerged during the 1940s and have been a hallmark of the chemical process industry ever since. At that time, refinery product slates were extended to include products such as high-octane aviation gasoline and petrochemical feedstock for explosives and synthetic rubber. Presently, about 85 percent by mass of the aggregated output of petroleum refining consists of fuels (gasoline, distillate fuel oil, jet fuel, residual fuel oil), with the remaining 15 percent consisting of over half a dozen product types that add considerably to the profitability of the overall operation while ensuring that all fractions of crude oil are used.
Multi-product corn wet mills appeared in their current form in the 1970s, prompted by the development of commercial technology for production of high fructose corn syrup (HFCS), which today has largely replaced sugar produced from cane in the U.S. Sweeteners-including HFCS, glucose, and dextrose-today account for about 37 percent of the output of the U.S. corn wet milling industry, with gluten feed and gluten meal accounting for about an additional 32 percent, and the balance consisting of starch, ethanol, carbon dioxide and corn oil.
The last decade has seen intense activity in the area of developing new biologically produced products. During this period, biotechnology has gone from being a peripheral consideration to a central element in the business strategies of many companies in the chemical process industry. Cargill Dow, for example, has made polylactic acid the centerpiece of its operations and DuPont is developing the capability to manufacture biologically derived 1,3-propanediol, which it expects to eventually replace nylon. For these and other new bioproducts at the commodity end of the spectrum-i.e. having relatively low price and high volume-near-term production is generally expected to be based on carbohydrate generated from corn wet mills. As such chemicals enter the market, they further diversify the already considerable slate of wet milling products, making the term "corn refining" more and more applicable.
Over the coming decade, many anticipate a new category of refining processes based on cellulosic biomass. From an economic perspective, such "biomass refining" is attractive because it may provide a means to access markets for products whose volume is too high and/or price too low to be accessed using corn as a raw material. From a societal perspective, biomass refining is attractive because of its potential contributions to sustainable resource supply, energy security, and rural economic development. Consistent with these interests, both the private and public sectors are active today in anticipating and enabling the emergence of a new biomass refining industry.
This is not to say that the concept of biomass refining is new, as researchers have been discussing its potential and challenges for over 20 years. In light of this, it's worth citing a few examples of studies that have helped to shape the concept's development:
• Levy et al.
(1), Bungay (2), and Dale (3) were among the first treatments of biomass refining to appear in the literature. • Busche (4) has discussed biorefining in the context of enhancing the U.S. strategic supply of organic chemicals.
• Leeper and Andrews (5) have considered several issues-economics, feedstock availability, environmental impact, and energy requirements-as they pertain to biorefining. • Wyman and Goodman (6) have provided a detailed account of several potential biorefinery configurations. • Landucci et al. (7) have developed a methodology to evaluate the economics of biologically produced chemicals and materials.
• Most recently, Wyman (8) has completed a technoeconomic analysis that examines some of the synergies of producing ethanol, chemicals, and electricity in a biomass refinery.
In the present report, after examining the underlying motivations for biomass refining in more detail, we consider the fundamental factors that favor the production of multiple products from biomass as well as aspects affecting product slate selection. We close by identifying technical challenges that must be met and commenting on the roles of the private and public sectors in productively addressing these challenges. Table 1 summarizes the economic and societal motivations discussed below. Table 1 . Motivations for biomass refining.
Motivations for Biomass Refining
I. Economic Motivations:
• Feedstock cost: May provide a means to access markets for bioproducts whose volume is too high and/or price too low to be accessed using corn as a raw material.
• New markets: Provides potential to create new markets such as polylactic acid and 1, 3- propanediol.
• Tax incentives: Can benefit from tax incentives likely to be offered to promote such investment.
II. Societal Motivations:
• Sustainable resource supply: Biomass refining has the potential to significantly reduce both greenhouse gas emissions and the extent of non-renewable resource depletion.
• Energy security: By reducing U.S. dependence on foreign oil and the military investment associated with this dependence, large-scale biomass refining would enhance our nation's energy security.
• Rural economic development: By creating a large market for energy crops, could potentially balance demand for agricultural products with current production capacity.
In the long term, the transfer cost of soluble sugars derived from cellulosic biomass is expected to be half that of corn-derived sugars (9) . (Note: the transfer cost represents the net price adjusted for coproduct revenues, operating costs, annualized capital costs, and carbohydrate conversion efficiency. In essence, it is the price of carbohydrate that a company would have to charge itself to recover its cost at a given return on investment.) As a result, biomass refining may provide a means to access markets for bioproducts whose volume is too high and/or price too low to be accessed using corn as a raw material. Biorefining also has the potential to create new markets for products such as polylactic acid and 1,3-propanediol. Furthermore, companies investing in biorefineries can expect to capitalize upon the tax incentives that will likely be offered to promote such investment and realize public relations benefits by investing in green technology.
At the same time, biorefining also has tremendous potential to benefit society. Cellulosic biomass-the only foreseeable, sustainable source of organic fuels, chemicals and materials (9)-can help facilitate a global transition to equitable economies and societies built upon sustainable resources. Biomass energy-especially biofuels-holds the most promise to bring about positive change in this direction, since energy production and consumption dwarfs that of either chemicals or materials. 1 Large-scale use of bioenergy would improve environmental health, both because it is a renewable resource and because its production and consumption results in low net greenhouse gas emissions-approaching zero in some cases (10) . By reducing U.S. dependence on foreign oil, especially Middle Eastern oil, and the military investment associated with this dependence, bioenergy would also enhance national security-and global security, as oil-exporting countries would have less ability to influence world events. In addition, bioenergy would strengthen the macroeconomic condition of rural communities-demand for agricultural products (i.e. energy crops) could potentially rise to a level in balance with current productive capacity-and society as a whole.
Model Basis and Description
U.S. market sizes for categories of products which biorefineries might produce are shown in Figures 1 and 2 . These figures convey the dominant market size of energy relative to materials, feed, and chemicals-so large, in fact, that annual growth in fossil fuel consumption is comparable in size (55 MM tons/year) to both the production of polymers (50 MM tons/year) and of primary organic chemicals (60 MM tons/year). (Note: In Figure 1 , the bars representing energy markets are all subcategories of the Total Fossil Fuels category, both in terms of energy type-i.e. petroleum-and in terms of function-i.e. electricity and fuels.) Fuels are the main product of mature petroleum refining processes, and this is likely to be the case for a mature biorefining industry as well. Figure 2 further indicates that there are few organic chemicals and polymers with markets large enough to serve as primary products for one full-sized biorefinery especially when no single facility can expect to command full market share. With this in mind, we have chosen to center our analysis around biorefineries having ethanol as a primary product, cogenerated power, and fermentation-derived coproducts.
Note: In this analysis, the capacity of a full-scale biorefinery is assumed to be 10,000 dry tons/day, which corresponds to 300 MM gal ethanol/year for a conversion yield of 85 gal ethanol/dry ton. This scale is comparable in size to the largest U.S. corn wet mills-Archer Daniels Midland's Decatur, IL plant, for example, processes an estimated 15,500 dry tons of corn per day (11) . The corresponding one-way transport radius to collect biomass at this scale is calculated to be 48 miles (assuming 2 dry ton/acre/year yield with 37.5 percent land used to grow biomass), on par with the 50-mile maximum commonly assumed. Please see Appendix A for more details on the calculation of biomass transportation cost used in this analysis.
A schematic diagram for a cellulosic biomass refinery having ethanol as a primary product is shown in Figure 3 . This configuration involves producing one or more fermentation productsi.e. ethanol plus coproducts derived from carbohydrate fractions (cellulose and hemicellulose)-as well as steam and electricity from the lignin-rich fermentation residue using a conventional Rankine power cycle. Though such a biorefinery represents just one of many possible coproduction configurations-coproducing lipid-derived and pyrolysis-derived products are two other examples-the example fully illustrates the key advantages of the biorefinery concept.
A brief description of the process follows. For a thorough overview of cellulosic ethanol technology and process configurations, please refer to Wyman (12) .
31. Feedstock is brought into the plant where it is stored and prepared for processing.
Biomass is pretreated, making it amenable to subsequent biological conversion. Protein for use as animal feed may also be recovered during this operation. Dale (3) has described the tremendous potential of protein recovery in this context.
The carbohydrate fraction of pretreated biomass is converted to ethanol and coproducts via enzymatic hydrolysis and fermentation.
Ethanol is recovered via distillation. Recovery methods vary for each fermentation coproduct according to its individual properties.
The residual byproduct stream-primarily lignin-undergoes processing: separated water is treated; the residual solids stream is used to feed a power cogeneration plant that provides all the steam and electricity for the process as well as excess electricity for export. We used two previously published process designs-a near-term base case developed by the National Renewable Energy Laboratory (NREL) (20) and an advanced technology case developed by Lynd et al. (21)-to quantify processing costs for ethanol production and power cogeneration. For the near-term case, the conceptual design and costs are based on a 2010 plant start-up date. The process design also assumes the plant is "nth" generation, meaning that several plants using the same technology would already have been built and operating. The advanced case, meanwhile, assumes the plant has a level of maturity comparable to a petroleum refinery.
Key process parameters and economic values of the process designs are summarized in Table 2 . Recovery costs for the coproducts considered in this analysis are based on unpublished models of Ron Landucci. Cost summaries of these models are presented in Appendix C. Feedstock transportation costs are calculated using methods from a study by Arthur D. (20) . Electricity valued at $0.041/kWh for near-term case, (20) and $0.040/kWh for advanced case (21) . Capital installation factor = 2.75 (27) . Equipment scaling exponent = 0.7 (20) . Labor scaling exponent = 0.3, (21). Overhead = 0.6*labor cost, (20) . Taxes and insurance = 0.015*installed capital cost, (20, 21) . Maintenance = 0.02*installed capital cost (18).
It's worth noting a few key differences between the near-term and advanced technology models that account for the significant cost savings of the advanced technology process design. Pretreatment is one area where significant capital cost savings are anticipated by the advanced process design. The advanced case employs liquid hot water pretreatment; the near-term process design uses dilute acid pretreatment (1.1% wt. sulfuric acid), which requires more expensive reactor materials of construction and an extra unit operation to neutralize and condition the pretreated biomass and pretreatment hydrolyzate. Biological conversion is another area where capital cost savings are expected from mature technology. The near-term case uses two process steps: saccharification using purchased cellulase, followed by fermentation. The advance case, meanwhile, employs consolidated bioprocessing in which cellulase production, saccharification, and ethanol production occur in one unit operation by a single microbial community. Capital costs for such a configuration are lower relative to the near-term design's two-step scheme because fewer process vessels are required. A large cost reduction also occurs for other raw materials in the advanced case: no acid or lime is required for pretreatment and no externally purchased cellulase is required for biological conversion.
Using a scaling exponent of 0.7 for all purchased equipment costs and 0.3 for labor, and applying a capital installation factor of 2.75, we generated the processing cost-excluding separation costs-versus plant capacity curves shown in Figure 4 . The equipment scaling exponent represents the average value used in the NREL study (20) ; the labor scaling exponent is the same as used in the advanced case study (21) ; the capital installation factor is from McAloon et al. (27) . The figure presents the processing cost associated with production of unrecovered product.
(Note: the values represented by the curves are equivalent to the variable U, which we introduce in Equation 4 below.) We've found it useful to treat separation costs separately for reasons we will elaborate upon below. The figure illustrates the well-known result that per unit processing cost declines with increasing scale. The plot also demonstrates that power cogeneration using the biomass feedstock's lignin fraction significantly lowers processing costs-by as much as 24 percent for the near-term technology case and 41 percent for the advanced technology case.
(Note: Both ethanol-only scenarios were calculated by eliminating capital and operating costs associated with power cogeneration while adding process steam valued at $4.50 per 1000 lbs as an operating expense.) In both cases, lignin-rich process residues provide all required process energy and extra electricity for export as well. This feature is also characteristic of the petroleum refining industry in which most, if not all, process energy requirements can be met using feedstock-derived residues. That process energy can be derived from residual material represents an important advantage that cellulosic ethanol biorefineries have over corn ethanol mills, in which process energy must be purchased externally.
This result points to a key motivating factor behind the biorefinery concept: feedstock heterogeneity. To maximize the value generated from a heterogeneous feedstock, refineries make use of all component fractions, producing a variety of coproducts in the process. For example, a corn wet mill's product slate-including sweeteners and ethanol derived from starch, gluten products, and corn oil-is largely a result of kernel composition. Petroleum refineries, meanwhile, produce certain products from heavy fractions of crude oil-residual fuel oil and asphalt, for example-and others such as LPG from light fractions. Similarly, a biorefinery's product slate will be shaped in part by the heterogeneous nature of its feedstock. 
Benefit of Coproducts on Primary Product Price
The ability to capitalize upon feedstock heterogeneity is but one advantage offered by biorefineries. Another is that the allowable primary product selling price can be lowered significantly by coproducing higher value, lower volume products such as succinic acid which will be considered here. Annual sales of succinic acid in the U.S.-sold at $2.68 to $4.00 per pound-are currently in excess of 33 million pounds (23) . At present, it is manufactured largely from maleic anhydride-produced petrochemically from butane-though some succinic acid produced via fermentation is sold as a food additive. Succinic acid is also used in the production of pharmaceuticals, surfactants, detergents, and ingredients to stimulate animal and plant growth. Because of its apparent cost-competitive economics (23, 24) , fermentation-derived succinate has the potential to become a high volume commodity, serving as a platform intermediate for dozens of industrial chemicals currently produced petrochemically, including adipic acid, 1,4-butanediol, tetrahydrofuran, γ-butyrolactone, and n-methylpyrrolidone (23). Figure 5 plots ethanol price as a function of the amount of succinic acid coproduced in a fullscale cellulosic ethanol biorefinery. In the figure, the near-term and advanced cases have been scaled to 9,500 and 8,300 dry tons feedstock/day, respectively-equivalent to an annual ethanol output of 300 MM gallons/year for both cases when all feedstock is allocated to ethanol production. (Note: Decreased ethanol output resulting from feedstock allocated to succinic acid coproduction has been accounted for in Figure 5 , and in all other coproduction scenarios.) Process parameters and economic values for succinic acid recovery are listed in Table 3 . Succinic acid recovery costs (Table 3) are based on a proprietary model of Ron Landucci which involves three steps:
1) addition of ammonia to fermentation broth to produce diammonium succinate;
2) addition of sulfuric acid to form ammonium sulfate and succinic acid;
3) polish succinic acid by performing a recrystallization using methanol.
The recovery process relies on two physical attributes of the system: First, the minimal solubility of succinic acid in water in the presence of sulfuric acid is used to separate succinic acid from the sulfates. Second, succinic acid is soluble in methanol, while sulfates are not. The succinic acid recovery model used has a scale of 100 MM lb/year. An exponent of 0.7 has been used to scale all product recovery equipment costs.
The figure assumes a selling price of $2.68 per pound for succinic acid and an upper coproduction limit equal to the current total market size-an amount that would require less than 2 percent of the total feedstock to be allocated toward its production. It should be noted that it is not realistic to expect that a single biorefinery could capture the entire succinic acid market, and as will be discussed below, the selling price of succinic acid would inevitably drop were the market to expand to support coproduction of 33 million pounds. (It is conceivable, however, that a biorefinery could create and dominate an entirely new high-value product market-Cargill Dow, for example, is the only manufacturer of polylactic acid.) Nonetheless, Figure 5 indicates that even a modest coproduction level of 10 million pounds-an amount requiring only 0.5 percent of the total feedstock-would significantly lower the selling price of ethanol by about $0.08/gallon for both the near-term and advanced technology scenarios. This illustrates that even niche markets can have a profound effect on refinery economics. For this reason, many petroleum refineries integrate downstream processing of high-value petrochemicals into their operations. Figure 5 . Ethanol price as a function of succinic acid coproduction level in a full-scale cellulosic ethanol biorefinery. "Full-scale" refers to 9,500 dry tons feedstock/day, near-term case, and 8,300 dry tons feedstock/day, advanced case, which is equivalent to an annual ethanol output of 300 MM gallons/year for both cases when all feedstock is allocated to ethanol production. Capital recovery = 0.176*installed capital cost, (20) . Electricity valued at $0.04/kWh. Steam valued at $2.00/1000 lb. Capital installation factor = 2.75 (27) . Equipment scaling exponent = 0.7. Taxes and insurance = 0.015*installed capital cost, (20) . Maintenance = 0.02*installed capital cost, (20) .
Benefit of Primary Product on Coproduct Price
Coproducing small-market products in a biorefinery also takes advantage of economies of scale that reduce the cost of making such products below levels that can be achieved through dedicated production. To illustrate this point, we expand upon the process margin framework we proposed in Report 1: Review of Existing Biorefinery Examples, in which we quantified the contribution of the primary feedstock and externally produced process energy to the total value of a biorefinery:
where V = value of all products ($/ton feedstock) M A = absolute process margin ($/ton feedstock) F = cost of primary feedstock ($/ton) E = cost of purchased, externally produced process energy ($/ton feedstock)
The absolute margin includes all components of value exclusive of the cost of primary feedstock and purchased process energy (i.e. steam and electricity that is not derived from primary feedstock)-operating costs, capital recovery, profit, labor, maintenance, taxes, insurance, and depreciation, for example. Total product value, V, is defined as:
where S = selling price of the primary product ($/unit product) Low values of M R correspond to processes where raw material costs are dominant. Therefore, as commodity refining processes mature, the relative margin can be expected to decrease, approaching an asymptotic value.
We've found it useful to separate the absolute margin (Equation 1) into two components: 1) the cost for all processing steps except product recovery, U; and 2) the cost of product recovery, R: In the case of cellulosic feedstocks, for example, steps other than separation include feedstock receiving, pretreatment, cellulase production-if simultaneous saccharification and fermentation is used-hydrolysis/fermentation, utilities, and waste treatment. These steps can be thought of as comprising the component of the overall processing cost, U, associated with production of unrecovered products.
We justify this treatment by noting that the cost of feedstock handling, pretreatment, cellulase production-if included-utilities and waste treatment is largely independent of the fermentation product being produced and whether one or many such products are produced. The cost of fermentation on a per unit feedstock basis is also largely independent of the product produced and the number of products produced. This statement is supported by observing that the rate of hydrolysis, and hence fermenter productivity, is primarily a function of cellulase loading and only secondarily a function of the product made. In addition, the number of fermenters in even a moderately-sized biorefinery is so large-greater than 25 for many designs-that the cost of fermentation capacity does not depend on whether this capacity is devoted to one product or to several products. The above observations underscore the inherent flexibility of biomass refineries configured to produce fermentation products-a variety of such products can potentially be produced using common process elements upstream of product recovery.
The allowable selling price of any product, A i , must cover the absolute process margin, excluding recovery costs of all other products-these costs are accounted for in the selling prices of the other products-and the costs of primary feedstock and external process energy.
The allowable selling price of succinic acid as a function of biorefinery plant capacity for the advanced case is shown in Figure 6 . The x-axis represents a continuum from a dedicated 10 MM lb/year succinic acid plant at the lower limit, to a full-scale ethanol biorefinery with power cogeneration coproducing the same amount of succinic acid at the upper limit. The figure was constructed using values from the advanced ethanol process design to calculate, U, the processing cost for steps prior to product recovery, and values from an unpublished economic model by co-author Landucci to calculate succinic acid recovery cost, R. Feedstock cost, F, as a function of scale was calculated according to methods presented in Appendix A. In Figure 6 , one can also see that the value of processing cost exclusive of product recovery, U, is a strong function of scale-it contributes $0.26/lb to the price at 34 dry tons/day, and $0.02/lb at 8,000 dry tons/day. Meanwhile, feedstock cost, F, increases moderately with increased plant capacity-contributing $0.04/lb at 400 dry tons/day versus $0.05/lb at 8,000 dry tons/day-due to longer transport distances. Since the production level of succinic acid remains constant in this example-10 MM lb/year-cost of product recovery, R-contributing $0.10/lb to the price-is independent of scale.
Anticipating Technological Maturity
Combining Equations 1, 2, and 3, the primary product selling price can be expressed as a linear function of the relative margin:
Equation 6 is an operating line that can be used to represent the impact of both technological maturity and of coproduction on the selling price of a primary product. The intercept corresponds to the price of the primary product if the process margin were. One can also see from the equation that primary product selling price is reduced by lower raw material costs (F+E), higher yields (Y P/F ), and higher coproduct values ( SifiYi / F i ∑ ). Figure 7 presents ethanol price as a function of relative process margin for coproduction scenarios involving both power and succinic acid for the two cases at full scale (9,500 dry ton/yearr, near-term case; 8,300 dry ton/year, advanced case; 300 MM gal ethanol/year). To provide useful benchmarks, relative margin values for petroleum refining, corn wet milling, and both cellulosic ethanol process designs are indicated in the figure. The operating lines in the figure can be used to estimate the price benefit of process maturation, which corresponds to decreasing process margin values. The near-term technology case with power cogeneration, for example, has a relative margin of 1.65 and an ethanol price of $0.85/gallon when scaled to 300 MM gal ethanol/year and when feedstock is priced at $30/dry ton. If the near-term case matures such that its relative margin is equal to that of the advanced technology case, 0.75, then the corresponding ethanol price would drop to $0.65/gallon. If the feedstock cost is increased to $40/dry ton, both the slope and the intercept of the near-term operating line increase significantly, as indicated in the figure. (Note: when the feedstock cost for the near-term case is $30/dry ton, the slope and intercept are comparable to that for the advance technology case having a feedstock cost of $38/dry ton-slope equals 0.33 $/gallon, near-term, 0.37 $/gallon, advanced; intercept equals 0.24 $/gallon, near-term, 0.25 $/gallon, advanced.) The figure also shows the benefit of coproduction for each level of maturity. For example, when 0.4% of the feedstock is allocated to succinic acid coproduction- 
Thoughts on Biorefinery Product Slate Selection
Given that a coproduct such as succinic acid can significantly lower the primary product selling price, one might ask, "Why not make even more of the coproduct?" and "Why not make only high-value coproducts?" As mentioned above (see Figure 2) , the market size for most potential high-value coproducts is not large enough to support full-scale dedicated production. And, if the market were to increase to the extent that it could support dedicated production, the coproduct would cease to be high-value, having become a commodity itself. Figure 8 presents a price versus market size curve for succinic acid. The function represents an estimate based on the present market sizes and prices of potential succinic acid derivative, calculated as follows: The market sizes, prices, yields, and production costs of the derivatives included in this calculation are listed in Table 4 .
Recall that for a full-scale biorefinery with power cogeneration, the allowable selling price of succinic acid at a coproduction level of 10 MM lb/year is estimated at $0.21/lb for the near-term case and $0.16 for the advanced technology case. In Figure 8 , succinic acid price drops from $2.68/lb to $0.33/lb-well above the estimated allowable selling price for both cases-as the market volume increases from 33 million to 3 billion pounds per year. This suggests that a fullscale biorefinery producing succinic acid as a primary product may indeed be economically viable. 2 It should be noted, however, that even if market conditions were such that a full-scale facility could be supported, the biorefinery process configuration would likely still allocate 30 percent of feedstock-or greater-to ethanol production, since succinate fermentation requires carbon dioxide, a by-product of ethanol fermentation. This underscores that process integration synergies help determine process design and represent yet another potential benefit of biorefineries. Though this article is concerned more with demonstrating why coproduction is beneficial and less with discussing the pros and cons of potential biorefinery products-others have done this (e.g. 22, 25)-a few general remarks regarding product slate selection are nonetheless in order. The first is that assembling a diverse product slate is important, both because capturing modest market share of several coproducts can have a profound impact on the primary product selling price, and because product diversity helps protect the biorefinery from seasonal demand cycles and market downturns. Table 5 , which lists the reduction in ethanol price for a full-scale biorefinery coproducing succinic acid, lactic acid, and butanol, illustrates the first half of this point. Though in this example, only 16 to 18 percent of the total feedstock is allocated to coproduction, the ethanol selling price is reduced from $0.85/gallon to $0.62/gallon for the nearterm technology case and from $0.51/gallon to $0.21/gallon for the advanced case. Product slate diversity-see Report 1-is a defining characteristic of today's petroleum refining and corn wet milling industries; mature biorefineries of tomorrow will also likely produce a wide array of products. A second point to consider is that selecting coproducts having the potential to become platform intermediates makes strategic sense for the biorefining industry. Doing so will foster the commoditization of these chemicals by taking advantage of the economies of scale provided by producing small amounts of the coproduct in an ethanol biorefinery. Thus, early generation ethanol biorefineries can serve as incubators for chemicals that can then become high-volume products in their own right. Both succinic acid-as noted above-and lactic acid are good examples of such products. In fact, lactic acid's move from specialty chemical to commodity is already underway: Cargill Dow recently brought its 300 million pound polylactic acid plant online, increasing worldwide lactic acid demand by approximately four-fold. Such market expansion, in light of the above discussion, will serve as a particularly useful example of how product price changes with increasing market size.
Yet another product slate strategy worth considering is to produce two or more large volume products in addition to smaller-volume, higher margin coproducts. The ability to swing production from one major product to another depending on market conditions-especially if the major products are not closely related-would make the refinery more resilient to demand cycles and downturns. Petroleum refineries, for example, typically maximize gasoline production during the summer months and shift to heating oils during the winter months to capitalize on seasonal demand. The corn wet milling industry also experiences seasonal market cycles: demand for high fructose corn syrup (HFCS), which is used extensively in the soft drink industry, is heaviest during the summer; during this time, wet mills can swing production from ethanol and starch to HFCS. Butanol-which is used primarily as a feedstock for organic chemicals such as butyl acrylate, methyl acrylate, glycol ethers, and butyl acetate (18)-represents an example of a chemical that might serve as such a major "swing" biorefinery product. U.S. demand for butanol is currently 2 billion pounds (18). Lactic acid is another, especially given its current rapid expansion. Yet another is acetic acid, though fermentationderived acetic acid is not considered to be economically attractive at this time (22) .
Concluding Remarks
In this study, using two ethanol biorefinery process designs and a few targeted coproduct examples, we have sought to show the advantages of the biorefinery concept as compared to dedicated production of a single product. Table 6 provides a summary of these considerable advantages. The essential message is that integrated coproduction is beneficial for all the products manufactured in a biorefinery, resulting in lower prices for both primary products and coproducts. It should be emphasized that several classes of products can be produced within a biorefinery-fuels, chemicals, power, and feed. While the relationship between the production of these product types is often portrayed as competitive, our analysis suggests the opposite: that coproduction of multiple product classes in a single facility will be beneficial, and in many cases will likely be necessary for cost-competitiveness in the long run. Table 6 . Advantages of integrated biorefinery configurations as compared to dedicated facilities producing a single product.
• Revenues from high-value coproducts reduce the selling price of the primary product ( Figure  5 , Table 5 ).
• The economies of scale provided by a full-size biorefinery lowers the processing costs of low-volume, high-value coproducts ( Figure 6 ).
• Less fractional market displacement is required for cost-effective production of high-value coproducts as a result of the economies of scale provided by the primary product.
• Biorefineries maximize value generated from heterogeneous feedstock, making use of component fractions.
• Common process elements are involved in producing fermentable carbohydrate, regardless of whether one or more products are produced.
• Coproduction can provide process integration benefits (e.g. meeting process energy requirements with electricity and steam cogenerated from process residues).
As indicated in Table 6 , the economic viability of biomass refineries is enhanced by coproduction of mutliple products, as coproducing high-value chemicals with a commodity such as ethanol-a less attractive investment when considered as a stand-alone product-can provide economies of scale that lower the manufacturing costs of the high-value coproducts. Owing to this economic enhancement, multi-product refineries are the likely long-term end point for the industry, much like today's petroleum refining and corn wet milling industries. In the near-term, however, commercial installations may well add one new product or process at a time in order to avoid compounding risk, just as petroleum refining and corn wet milling developed incrementally over time, evolving from single to multi-product industries.
Multiple product biorefineries also can help improve societal well-being by enhancing resource sustainability, energy security, and rural economic development. The realization of these benefits, however, is largely dependent on producing energy since the consumption of energy dwarfs that of either chemicals or materials (recall Figure 1) . As a result, the indirect long-term contribution of biobased chemicals and materials resulting from increasing the economic viability of energy production may well be larger than the direct contribution from fossil fuel displacement per se.
As illustrated in Figure 9 , for biomass refining to become commercial viable, two key technical objectives must be met: 1) overcoming the recalcitrance of cellulosic such that the carbohydrate fraction can be easily preserved and converted into reactive intermediates (i.e. sugars and oligomers), and 2) developing a diverse array of value-added bioproducts from such reactive intermediates. There is currently strong economic incentive for industry to pursue the second objective, and many companies such as Cargill Dow and DuPont are already doing so using corn as a feedstock. Further technical progress in the area of product diversification, however, provides minimal benefit with respect to the first objective, an area for which there is minimal economic incentive at present: today, cellulosic feedstocks offer little if any price advantage. (In the long term, however, as biomass refining technology matures, the transfer cost of soluble sugars derived from cellulosics has the potential to be half that derived from corn-reference 6.) In light of this limited economic incentive and the profound societal benefits that stand to result from biomass refining, we submit that the first objective represents an appropriate target for government-sponsored R&D, as technical progress in this area will benefit most potential biomass refineries and help to establish the industry. Capital recovery = 0.176*installed capital cost, (20) . Electricity valued at $0.04/kWh, (21) . Steam valued at $2.00/1000 lb. Capital installation factor = 2.75 (27) . Equipment scaling exponent = 0.7. Taxes and insurance = 0.015*installed capital cost, (20) . Maintenance = 0.02*installed capital cost, (20) . (20) . Electricity valued at $0.04/kWh, (21) . Steam valued at $2.00/1000 lb. Capital installation factor = 2.75 (27) . Equipment scaling exponent = 0.7. Taxes and insurance = 0.015*installed capital cost, (20) . Maintenance = 0.02*installed capital cost, (20) .
